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5JL3*3 is a highly T-tympbaraagenic murine retroviral. Pmvlonaly, ramtntion of binding sites in the TJ3 repeat 
rc|ion fbr the AML1 transcription factor (amity (also Known as cone b inding (actor [CDF], polyoma virus 
enhancrr binding protein 2 [PBBP2], and SL3-3 enhancer factor 1 [SEF1]) were found to strongly reduce the 
pflinogenhniy or SL3-3 CB. HaJIberc J- Schnndt A- Lax, F. S- Petersen, and T. Gnindstroro. J. viroK 
65:4177-4181, 1991). Wc hnvc now cxmatoed the few cases in which tumors developed hsrhoring provirnsea 
Chat besides the AMU. (core) site mutations carried second-site Alterations in their 03 repeat «rrucnire*. In 
three distinct canes we observed the same type of alteration which involved deletions or regions known to 
contain binding sites for nuclear factor 1 (NF1) and the addition of extra enhancer repeat etcmcnu. In 
transtenc*expTesslon experiments in T-lympbold cells, then new U3 regions acted stranger enhancers than 
the V3 regions of the original viruses. This suggests that the altered prorirD&cs represent morcpathogenic 
variants selected for in the process of tumor formation. To analyze the provlraJ alterations, we generated a 
series of different eahanicx-piuuiotcr reporter constructs. These constructs shoircd that the additional repeat 
elements are not critical for enhancer strength, whereas the NF1 sites down-regulate the level of transcription 
in T-fymphoid cells whether or not thcAMLl (core) sites are ninctional. We therefore also tested SL3-3 viruses 
with imitated NF1 sites. These viruses have unimpaired pathogenic properties and thereby distinguish SL3-3 
from Moloney murine leukemia virus. 



Murine leukemia virtues (MLVs) arc non-oncogcnc-cncod- 
ing compact retroviruses that induce ieufcemias and hemato- 
poietic nimors when injected into newborn mice (13, IS, 67). 
ML V- induced leuttemogenesis is a multistcp process thought 
to involve deregulation of the expression of cellular prolo- 

oncogenes by inacrtional mutagenesis (67, 66). Numerous 
studies have &hown that the retroviral enhancer in the U3 
region is a major determinant of the latency and specificity of 
hematopoietic disease induction (8, 14, 22, 30, 33. 55, 50). A 
likely explanation for this is that a powerful enhancer in a given 
cell type, besides conferring a high replication rate, may allow 
the retrovirus to an as a strong inseruonal activator in iftat cell 
type (50, 53)- 

A conserved area in the U3 region of the MLVs. mostly 
found within direct tandem repeals (19), consists af densely 
packed binding sites for different transcription factors. These 
sequences constitute a transcriptional enhancer in which the 
overall composition of the interacting factors shapes the tran- 
scriptional profile of the virus. Thus small nucleotide variations 
in the mdividu&J. binding sites in mis ansa have been shown to 
confer variations in ceJI-specrfic expression And disease-induc- 
ing potential for several of the viruses (19, 22, 40, 52, 59). The 
existence of closely related MLV isolates with distinct enhanc- 
er-aepenrJsm oenaviors nas lacurta tea me determination or 
specific discas c- inducing elements in the MLV genome. More 
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over, PCR technology has now also made it possible to readily 
isolate whole sets of proviral structures from thttir hoats and 
study the dynamics of wild-type and mutated MLV genomes 
during disease development. 

The SL3-3 MLV induces T-ccll lymphomas with a mcen 
latency of Z to d months, depending on the mouse strain used 
(30, 31). SL3-3 was kolated from a T- lymphoma cell line of an 
AKR mouse and is believed to be derived from weakly patho- 
genic Akv, an endogenous MLV of the AKR strain (31. 51). 
Most rrf the enhancer function of SL3-3 is contained in the 1)3 
region within a 72-bp direct repeat followed by a third repeti- 
tion of 34 bp (21). Characterized binding sfces for transcription 
factors In tnis repeat region include the acllx-loop-hcux pro- 
teins SEP2-1 (or E2-2) (12) and ALFl (43, 44) the elucocor- 
tocoid receptor (GR) (9), nuclear factor 1 (NFL) (4S% and the 
hematopoieiic raaors Eisi (40), Myfc (71), and aMLI (fa, 66 7 
72). Of these factor*, ALFl, GR, AMU, and c-Myb have been 
directly shown to activate the transcription of SL3-3 (9. 4-2. 71. 
72). 

The AMLl-CBFg transcription factor complex, also known 
as potyornavirus enhancer bindinjz Drotcin 2 (FEBF2) and core 
binding factor (CBF). is encoded by several recently cloned 
gene* (5. 6. 3Z 47. 69). As several names are currently in use 
for these factors, we shall refer to the transcription farior 
family here as the AML1 family of proieuis for simplicity. 
AMLi is implicated rrtrougn chromosomal rearrangements in 
several forms of acute myeloid leukemic In humans (34, 39, 
46). and a murine AMLI gene is essential for normal hema- 
trrpoienc development (45). AMU bind* tn the enhancer core 
DNA sequence, found in many T-cell-specific genes and vi- 
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FTC. 1. Schematic leprescnomon of the structure or tne LTR region wrtft focus on the repeat sttocrare found in the viral enhancer in the US region. The 
34- and 38-bp repeal dements are represented by white and block boxes, respectively. This region contains two identical pairs of AMLl site 1 [core srtre) and AMLI 
nite II (o^re *i~La 12) and three identtest NPi «Tra> besides kmmn mnucrtpdon fiicmr biding aim for the fijetorx ctx 1, Myo, ALTJ, ana OR (ORE) (fiee innoancnan 
for references). The positions of the different sets of muxailans introduced into the AMU »t« in the study of Hanbere er al. (22) are shown in the lower part of the 
figure. The mutations were introduced into AMLl siles In bach repeat elements. Also shown b the positron of the CGG-to-ATT mutErion used to render the NPI site 
inonriv*. a^ncHon nteva used for pioarntd construction and the Id=juotjc of the prim err, anod for gooouwc PGR Arc indicated, 



ruses, including all commonly known MLVs (19) and may act 
in synergy with members of the Myb and Eto transcription 
factor families (24, 62, 71). AMLl which wc have previously 
referred to as SL3-3 enhancer factor 1 (SEF1) (65. 66) has two 
different binding sites which are both repeated once in the 
5L3«3 enhancer. AMLl activates the SL3-3 enhancer via these 
sites (72), and mutation of the AMLl binding sites has been 
found to reduce transient expression in T-tymphoid cells rwo- 
to fourfold (35 T 65, 65), to strongly reduce ih& pathogenic 
potential (22, 40). and in the case of the related Moloney 
MLV, to alter the disease specificity and increase the latency 
period (59). 

NFl designates an ubiquitously c?cpr cased transcription fac- 
tor family which is involved in the regulation of many cellular 
and viral genes (27). NF1 acts as a dirner and is encoded by 
four different genes in the mammalian genome which are al! 
alternatively spliced, giving rise to a large set of NF1 complexes 
(4, 57). NFl binding sites cadai in one or two different forma in 
many but not al! MLVs (19, 49). An NFl binding site is re- 
peated three times in the SL3-3 enhancer and has been shown 
by band-shift analysis to bind complexes very likely to be NFl 
and to be Important for transcription in several cell types (45). 
Mutation of the corresponding NFl fiitc in Moloney K/CLV was 
found to reduce transient expression in T-iymphoid ceil lines 
(60) and substantially prolong the latency of disease induction 
(59). 

We here report on aJ Derations fn the enhancer region of 



SL3-3 provi ruses from murine tumors induced by SL3-3 car- 
rying mutaied core sites. These alterations do not involve the 
AMLl binding sites but me adjacent NFl site. The- altered U3 
variants arc stronger enhancers in T-lymphoid cells and may 
result frum a selection for stronger and more-pathogenic en- 
hancer structures compensating for the AMLl site mutations. 
Also, the NFl sites act to stimulate transcription in fibroblasts, 
whereas they have a down-regulatory role on ihe SL3-3 re- 
porter constructs cn T-Jymphoid cells. We also shew that the 
NFl sites are not critical for the pathogenicity of SL3-3. 



M4TBRULS AND METHODS 

CcD culture. The murine T- lymphoid cell line L691 (15) was grown in RPMT 
1640 medium containing Olutamafel (Gibeo BRL, Ufe Technologies) mud hoo- 
pSetneoied with 10% newborn calf semm and 100 U of penicillin per m) and 100 

M.g oF orrepcomycin par ml, NTH 313 coTis and tho murina plasmacytoma B*cdl 

llns MPC11 (42) were grows in Dulbeco's modified Eagle mad rum conttunhig 
Ulutamax-l (Oiboo) and supplemented with 10% serum and antibiotics as de- 
scribed shove. 

Deueuiifi of sequence* nonkine tfte vtra) integration. Genomic wquences 
fl&iiking Urn tfiieyjttnl SL>3 pruviral seqvenccj in the rumor DNAa were PCR 
amplified a* previonrfy described by ths method of Spr eaten er al. 

Pilhogcnldty experiments. To generate SL3-3 viruses with muxazed NFl sites, 
tne Fpi-Kpni rragrncnr ol consmia p£SG130 (45) was inssrtad into a pjasmtd 
carrying the molecular dona of SL3-3 and irdBakna viruses nmriucsd by iriwn- 
&cooo of concaremenzed Pstl-Pnl frusnents tmo NTH 3T3 calls as previously 



described (22). Randan bred NMPJ unia mloe Which Jack ceo tropic 
nous pnmnue* (29) were used for pathogenicity assays, Tumor mauction and 
aaumcanoa or cjscmc were aone u previously aescrroea rz2). 
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FIG. 2. Structures or tne al tared Dfcvlrai enhancer radons tonne la tne tumors of three auTBnsnt Infected mice. Trie overall rcoeat smicrure (aeptctsd EcnematlcalTy) 
(A J and the exact nucleoddc sequences surrounding the deletions ( B) are shewn. In the tumor of a rooiw Infected with the aTC SL3-3 mount, a structure with an 
18-bp deletion and a concomitant base sobsritmion was found. The CTT mutam gjnre rise to a haw corrtalnnig provina with a 29-bp deletion In rwo versions, with 
or wftpout on ncdmonal repeal elqneru. Tne snort venion comalncq a dmc «o5Eftuflon fn Both AML1 sites n (tnmcoiad below the g quenc a). The longer vernion 
contained a base subsrimtion in the central Bite of the three AML1 rites I. One moose developed a wmar upon infection vitih the GAC-GTT mutant. rYoviruse* in 
this tumor contained a 25-bp deletion in versions with three of four repeat elements. Both had point mutations in the AML1 site I draesr to The pnjmnter. The short 
kzrtn conjoined a T-t£>-C bux aubstlmiJon. and the long form contused a G-ta-A hue wharf wiian. The especiod lengths of the Pstl-Kpnl fcigmcnrs of the variolic 
lypea are inflhaien to tnc ngnx 



rCR amputloinon of provtr&i DitA. DIVA tok prepared mm frozen tumor 
material as previously described (22V PCR was performed by using a primer 
which cveugniad thu 5' tend at the U3 n^iyn, 5 ' -TTCATAAO 0 CTT AO CCA O 
CTAACTGCAG-3', and a primer wnicn recognizes a 3L>J-spccnic strcence 
outside the Ions terminal repeat (T-TR) in the 5' omr&nsftrtcd region, 5'-CAT 
GCCGGCACAJCAJCACXCACACnXZTCOC-y ((WAFifi. 1). 

P1ck«aid& PCR*ompUned U3 rogkxu from iho murine tumors were Inserted 

into pL6CAT (36) from Px\ to KprI to generate consinicta pSL3(TUMatcL)caL 
pSL3CTUMet0cBt. pSUfTUMettLicBL oSUfTUMdniLJcaL and oSUfTUM 
dmXLJcQL Ptosinids pSUCgn^t, p£L2(aco)cot, and p$L3(dm)«t .were made by 
uucrons thc/Vfl-A/wiI fr ngmcco from the pla&mid clones of thc"*iraac3 onrtng 
me ATC GTT. and GAC-GTT nmtanans (22), rasDecttveiy, nno pLOCAT. 
Likewise* p5L3C3mNFl )cat was made by inscronff the Ptd-Kpnl firajstrteras "froro 
pESOUO (AS) into pLfiCAT. nSL3(lmNFl)at was generated by insertion of the 
Apal tragment rrcm pSUJpmNPtx* 1 inio p5LJ(yr)cgi. 

The remainins construos were made by PCk mutiEeneais (25). Confiiruo 
pSU(ABA). csnslnlng of the SU-3 LTR ^ol^nl fraemeni conulmng ao 

ApaUApal 72 -bp repeal etamcat dolouoo inserted Uta pUCl9 yea u acd o» 

lemDiate. PCR mutaEcnc*in was ocrrormea Mm prUnerr-COAGCTOOGTAC 
CCCCGCOACTCAOTCT.3• ccmotned a-tflj primer 5'*AACAGATGGTCCC 
CAGAAATAGCTAaAACAACAA C-3 * and *Ub primer 3'-TTOCATGCCTG 



CAGTAACOCCA ni 1 a &3' cotirotxmd wftn timer pnmer S'-TGTTTTAGC 
T AXI ' lc ' i ' TOCG , A | C ) 9^ V^. iL i \ ^ ^^^T tT^^fP^ o i tt^ 
AAC^CAGATATCCTO' fp5L3(Aie)carJ, or primer T -TOTTTTAGCTaTTTC 
TGGGGACCATCIUI J I CCAjCACAO ATaTCCTGTCG-3* fDSUfTUMdm- 
77)aix\ tn the Uner aux unng the GAOCTT ran cant ax (be teznptn.ee nvlead of the 
w41d cypc. In otter to goncrato tho two-rcpoot smicw^o, corotructr «ono donc<i 
into nUCl9 gai Avail frasmtnw were Ugated, cnt with £«>RV, and ligBtcd back 
into the £coRV «iie m the oarerual constron. ftrWCowI fragments were then 
inserted in pLOCAT, th***by 5Prt-«rin R pfflLa<Aia)»t And pSL3(A2S)caL 

Plttsmida pSL3(Al8-»-72)co» and pSL3(A25+72)ou wotd mede by cutnng 
p5L3tfll5)cat ana p5L3(AZ5]cai, respective ry. wnn r?M arta paniaity wilti 
jEcoRV and iwerdne the ffd-puuficd 186- and 196-bp fragments into &SL3 
(ABA). The resulting plaanida were cot with Kpn\ and pa malty with £coRv 10 
{five Orogmema of 31i aad 322 bp. The 186- and 196-bp and the 312- and 3ZZ-bp 
fnemrnts were then coneonritanUy inserted into the fttT-ifenr aiteaof pLSCAT. 
pSL3(WT*72jcat was buih the same way. based on the wild- type construct. 

The nudcoodo ooqucoooo of oU conctruar wffto** by rxKjuancing. 

Sequence compartsons. NucisoUoa sequences were compared with sequences 
in the GenBanK (rdc&se 9&i) [August 1995J) and &MBL (release I5,n (Sepiem- 
ber 15961) dat abides by using the Fasta prjopram from the Wisconsin Package 
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KGOG [ue«uon H.lfl (&). May lOO*. by G«n?t)0$ Compot«r G*ovp, Madison. 
WTs„ odd Pacr RJce. The Sourer Ccnric C*rnbndpc, Engtaod]. Tcn nacx i prion 

meter sflos were sea rcHcd tor vfth me FinaFattcras program trom tnc Wisconsin 
Package. 

Southern Wotting and b y biid u arioo. To detect (be numb or of viral ime&rft- 
lions of eaen unncrr, Southern blotting w© performed an previously described 
[63). Briefly, the genomic Turner DNA whs as wilh HbuUU, which am once 
within the SL3*3 proviral geoome. rcsolwcd on 0.73% agarose gel »tvS trans- 
fe r red to a nyk« «n«mL»«it«. An ccotropc-opeciljc probe consisting of 220 bp 
ironi trie otv regkm of tnc AKv retrovirus wan taoeiea and used for nyurid- 
Lzaboo (63). Gonad o*nyc jrene rearrnncemcnis in tumors were delected by a 

6&S-bp peoba of Lb* t***}*? pramotn ngton 



Fnr detection of the xbs of the variant U3 Krocrurcs, gencmir tumor DNA 
was digested with fttl and XpiiX. Tea micrograms of DNA was resolved on a 
l_5% agarose gel in 1* TBE (Tri^boTtt^BDTA) buffer and mr*ferr*6 onto a 
nylon membraoe as described above, a probe specific far the S13 -3 rep eat 
retfan was genenued rjy prancr extanason cZ primer y*TTGAOACACTTTCT 
GGCTCTCTTC A-3' uong JJ P4abeled dATIH and 0 norifted Rsal-Kpnl SL3-3 
LTR fraommr as the template. The probe did not cross-hybridize to sequences 
of ub NMRI mouse genome. 

TYataftciioM utd reporter assays- L69 1 cells atere transfeaed by the DEAE- 

dertmn method ax p«evcau»ly described (SO). Foot microgram* of ihe various 
chloramphenicol aceTTkranaforaco (CAT) oanetruotc woe ueod to cranzfoct S x 
10* cells at a density of 5 x 10* celts per oil. Most of the transfeceian aeries 
included 1 u{ of pRS V.LUC (Promega) internal control ptAunid to correct for 
vanaoom in vm^aiian wffus^n****. Thr inwiul eonooJ pUuwnid did nor influ- 
ence ihe CAT vaJuo. NTH 3T3 and MPOl cdb were transferred by cildum 
phosphate ' mediated precipiBlran (36) using 3 u> cf the varies* CAT cnmtrucw 
And 0-75 of pCHMO OeZ gene driven by the tunian virus 40 early promoter) 
(3*1% CAT uanjtt wean performed by the method of Gorman (50), except that 
quantification of rbe radioactive spots was performed on dte Phajsphorlmager. 
^-GalacwidttFc activity measured by an <^cxrDhenyl-8-r>e»Uctop?/r«no- 
side aamy (36). and luoiferase octrvtry was measured with & lurrdaotnecer 
(Bortnold LB S^Ol) using the Luafcraac Amsy System ham Praracgn ( catalog 
no. EL501). All transtaions were done in dunlicme or triplicate and repeated 
between tw> and sbt dmes. 

NucicalMc ooqaoKv ovcoaeJon number*. Tho n*d ootids ooqucoeoo of die 
oraviru^flanldaff efioa«acBa have bean deposited to roe BMBL data bank. The 
£MBL ocSSonTumhers are Y0M29. Y0B130. Y09131. Y09132. Y09133. 
Y0O134. And Y0013S. 

RESULTS 

Characterization of variable pruviral U3 regions of mutant 
SL3-3-iwftuceO jymphonras. The romor xnaterfal we have in- 
vestigated originates from an earlier study (22) in which several 
series of SL3-3 with mutated AMLl sites were injected ioco 
newborn NMRI mice (Fig. 1). Ail animals (49 mice) infecrjed 
with wild- type SL3-3 developed hymphomas with a mean la- 
tency of 70 days- Mutating the AMLl sire I (tha com site^ 
previously also termed SEFl site I) resulted in lower inci- 
dences and longer latencies of disease. Thus, SL3-3 viruses 
carrying the ATC-to-CGA mutation or the GTT-to-TGO mu- 
tation induced rymphomas in 47% (9 of 19 mice) or 61% (2S of 
46 mice) of the mice, respectively- within a 300-day observation 
period. SL3-3 mutated in both AML l site I and AMLl site II 
(core site II, previously also termed SEFl site II) was essen- 
tially noopatbogenic Only 5% ot mice infected with these 
viruses (1 of 19 mice) developed rymphomas within 300 days 
(22)- 

U3 regions of provirosas from rumors isolated from the mice 

wQtre. subsequently PCR amplified and sequenced. The intro- 
duced AMLl site mutations bad not revened (22). Some ru- 
mors contained proviruses with a few point mutations, but no 
coherent pattern could be recognrzed (2. 22) : Several rumors 
contained proviruses that had lost one or gained one or two 
72-bp direct repeats: but otherwise were normal (see Discussion). 

Apart from These changes, three rumors were found to con- 
tain altered provtroJ U3 regions. These tumors came from mice 
Infected with SL3-3 of one of each of the ATC. GTT, and 
GAC-GTT mutation scries. The tumors were all T-ccil rym- 
phomas. as judged oy Histological ooservations. Tne rsti-fCpni 
fragments (FSg. 1) of the 5' -LTR regions of these altered pru- 
viral structures were PCR cloned into the bacterial plasmid 
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FIG. 1 Sontfaern blot shoving the lengirB of ihe altered proYiral aruciurw in 
crerramlc DriKafrom murine ouroofa. Ocnomic tumor DNA wm cutTnch fsrl and 
Ap/il, resolved in & 1,5% agaros= get tracstarrea to a nylon merooranE. anc 
hybridned to % probe recog nizi n g the Sl_3'3 enhancer repeat nsjknL T)ie iensdv 
of tho frugmomr cofiocpood to tho lengths expected from tho PCB. »*rrpfcfica- 
xioos of ihe various pmviral stnicmrcs tram tnc tumors. Lane t contains DNA 
from Q armor from an uninfected control mouse. Lanes 2 and 3 contain proviral 
ON A* from nwwn mdsovd by wfld-^p* CJJIJ and itiAudeei ta In did* t* iK« 
fragmcm. wct. The first of ihaoe tumors mt^nimi «n cnHanccr repece rriplieored 
pro virus hi addition to the wild-type lengtn Integration. oot& or wnicn arc inol- 
caboA by anwc Lanes d» 5. and 6 are from the GTT. ATC and GAC-GTT 
c nj c yoc ot gly . The CA p uaud lengths of tbc frsj^cnia am Jndlcurcd In Pig, 2. 



pLfiCAT and sequenced. Ooning and sequencing of this re- 
gion wore done several times on the basis of independent 
PCRa to avoid PCR artifacts. The three altered U3 regions all 
hove small doloriuns between AMLl sice I and aixe II. The 

deletions comprise the NF1 binding site. Also, the U3 regions 
carry additional 72-bp direct repeats without deletions. 

The structures of the altered viral enhancers are shown in 
Fig. 2. The altered ATC mutant was found in the thymic rumor 
of a mouse deceased after 224 days. It contained an extra 72-bp 
repeat element and two identical 18 -bp deletions combined 
with a base pair substitodon in the two repeat elements distal 
to the promoter. The altered GTT mutants were found in a 
tr^ymic tumor from a mouse at 272 days. This tumor contained 
four different viral structures. A provfrus with a 2JM>p deletion 
in the repeat region most distal to the promoter and two point 
mutations was found with and without an additional 72-bp 
repeat element. Also, an otherwise unaltered GTT mutant was 
found with or withour the extra repeat (not shown in Fig. 2). 
The altered GAC-GTT mutant was found in a tumor in a 
lymph node of a mouse deceased at 100 days- It had on addi- 
tional repeat element and a point mutation and carried two 
idcntrcal deletions of 23 bp in tho two dt3tal repeat elements, 
In this tumor we also Sound another altered U3 region which 
auTered from the one mentioned above only in having a fourth 
repeat unit with the 28-bp deletion and a separate point rrn> 
tation. 

In order to eliminate the possibility that the proviral alter- 
ation* arose as a resnlt of the PCR. we performed Southero 
blotting on the genomic tumor DNA. We used the restriction 
onzymee Pstl and Kpn\* thereby cutting at both ends of the 
LTR region, and a prone speanc tor the SL3-3 reoeat rejrJon 
(Fig. 3). The lengths of the various U3 regions seen on the 
Southern blot correspond to the lengths of the PCR products. 
The possibility also exists that we had PCR amplified endog- 
enous sequences and not viral strudureo evolved from the 
exogenous mutant SL3-3 viruses. This, however, is highly un- 
likely since the altered structures all contain the originally 
mtroduced AMLl site mutations. Also, wc have been unable 
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to amplify provJral structures from DNA preparations from 
uninfected mice (data not shown). 

TO further characterize the viral integrations, wc performed 
Southern blotting of the tumor DNA using an eco trope- spe- 
cific SL3-3 probe. The results indicated that the DNAs con- 
tained different numbers of integrated proviruscs as follows: 

ATC tumor, faun GTT tumor, five; and UAC-GTT tumor, two 
(data not shown). Wc then performed PCR amplification of 
the flanking region?, of the integrated SL3-3 provjral sequences 
by the method of Sarensen et al. (64). Sequences of between 
250 to 400 nudcotidoG of the genomic DNA flanking several of 
the proviral integration sites were obtained by this method. 
Database searches revealed that the altered ATC mutant was 
integrated in reverse orientation in the c-myc promoter region 
698 nucleotides upstream of exon 1. Southern blotting with a 
c-r7iyc -specific probe indicated that the tumor wus clonal with 
respect to this integration (data not shown). None of the other 

decocted proviral flanking regions matched Bequsnoea found in 
the GenHMBL. database (the sequences were deposited in the 
EMBL databank). 



The altered D3 regions art stronger enhancers in T-ryro- 
phoid ceUs. The altered U3 structures found (although differ- 
ent) all seemed vo be altered according to the same theme, 
since they all had deletions of an area encompassing the NF1 
site besides haviriE variable numbers of repeal elements. This 
fact pointed to the notiun that the altered viral enhancer struc- 
tures could have played a role in the mmorigenic process. 

To test if the alterations found is the SL3-3 enhancer region 
affected the enhancer strength, the Pstl-Kpnl LTR-fragmsnte 
containing each of the altered U3 regions were cloned into the 
plasmid pL6CAT (36) such that each variant SL3-3 LTR re- 
gion directs the expression of the CAT gene (Fig. 4B). Like- 
wise, each of the parent AMU site mutated US rcgruna w a3 
inserted into pL6CAT« 

The CAT Dlasmids were transfected into the murine T- 
ryrophoid cell line T.691- This cell line was chosen because 
measurements of rxansient-transcripDon levels in L691 cells 
have previously ahown to correlate well with the actual patho- 
genicrdes of various SL3-3 AMLl site variants (22- 65). Mea- 
surements of transient CAT expression levels showed that the 
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altered enhancer structures were rcprodncibiy 1-5- to 3. 5-fold 
more active than their parent structures (Eg. 4). These results 
support the hypothesis that among mutated viruses, more- 
rurnorigenic virus variants are oeiectcsd for in the process of 

rumor development 

T cells are the target cells fior SL3-3, but the altered struc- 
tures could also have an effect in other cell types. We therefore 
transacted the CAT constructs into two brophoid cell lines 
and into fibroblasts. The murine plasmacytoma B-ccQ line 
MPC11 and NTCH 3T3 ceils did not show stronger enhancer 

activity ox me altered provira] sirucrares, indicating mat tfiese 
are particularly effective in T-lymphoid cells (Fig. 4). 

Lfrntted effects of the additional repeat elements in target 
ceils* In order to further investigate which ports of the altered 
proviral U3 regions contributed to making them stronger en- 
hancers, wc made a scries of reporter constructs. These were 
designed to separate the effects of the different changes ob- 
served. I.e., the various numbers of 72-bp repeat units, the 
small and large deletions, the few point mutations, and the 
effect of abolishing the NP1 sites. All constructs were trans- 
fected Into Lj691. N1H 3T3. and MPCll cells, and transieni 
CAT cxproaaion lovcla were measured. 

AU tumors contained viral U3 variants with an additional 
72-bp repeat clement. The increased enhancer effect could be 
a result of this, since increasing enhancer strength could simply 
be a matter of uicreasinc the number of transcription factor 

binding sites. However, pSI3(TUMgnL)cat is not more active 
than pSL3(TUMe«)cajt (Fig. 5). Likewise, deleting the addi- 
tional repeat clement from the tumor* derived structure 
pSI^(TUMdmL)cat did not change the transcriptional level, 
as seen when comparing this construct wren me construct 
pSlJ(TTJMdrruV72)cat. Indeed, the fourth repeat element on 
pSI3(TUMdmXL)cst actually reduces the enhancer strength 
(Fig. 4). Also, construct pSL3(WT-r72)caL t which is similar to 
the wild-type construct except for the presence of an additional 
72 -Dp repeat element, did not notably Increase CAT activity 
over the wild- type level In L69l cells, although it was twice as 
active in NTH 3T3 cells. Therefore, the additional repeat ele- 



ments seem to be of little importance for the increased en- 
hancer strength of the altered viral structure*. 

The NF1 site has a duwn-resuiatory role. We now asked if 
the function of ihc deletions was dependent on the AMLl sire 
mutations. Since the AMU. sites are of major importance for 
the SL3-3 enhancer strength, a reversion of the AML1 site 
mutations in the altered structures should increase the tran- 
scriptional level if the function of the deletions did not depend 
on the presence of mutated AMLl uit©&- Wo choGo to make 
constructs having wild-type AMLl sites and either the lS-bp 
deletion found in the altered ATC variant or the 25-bp dele- 
tion found in the altered GAC-GTT variant (Fig. S). These 
deletions were made m each of the wo 72-bp repeat units of 
the pSL3(WT)cat construct, thereby creating constructs 
pSL3(A28)car and pSL3(AlS)cat, In addition, we made con- 
structs pSX3(A2S-i-72)cat and pSL3(A18+72)cat, which be- 
sides two deletions carry a third undeleted repeat unit, thus 
being the equivalent forms of the tumor-derived structures 
pSL3(TUMatcL)cax and pSL3(TUMdmL)cat. 

A& £©en when comparing r£IJ3(TTJMatcL)cat with pSI_3 
(M8+72)eat and pSL3(TLrMdmL)cat with pSL3(A28^72)cat, 
the re constitution of functional AMLl binding sites in the 
niipor- derived structures increases the enhancer strength. The 
slightly larger effect scon In the latter case probably reflects the 
larger effect obtained when reverting the more powerful GAC- 
OTT mutation compared to the ATC mutation. These con- 
structs also support the conclusion that the extra repeat ele- 
ment does not play a significant role in increasing the enhancer 
strength. . L . JB 

It is possible that new transcription factor binding Sites were 
created oy tne Deletions. However, we have not been able to 
identify any known binding sites by database searches (see 
Materials and Methods). Also, the fact that the three observed 

deletions arc not identical argues against this possibility. A 
more likely explanation therefore is that the deletions removed 
binding sites for intcracring proteins. To investigate if the ef- 
fect af th& deletions was to abolich the NF1 binding she, we 
tested whether or not constructs without deletions but with 
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mutated NFI sites also gave enhanced transcription levels. A 
mutation of three consecutive base pairs from GCC to ATT in 
the NFI site has previously been found to abolish the binding 
of NFI to this site, in band-shift assays (45). Construct 
pSL3(3mNFl)cat which carries xhis mutation in all three NFI 
sites gives a twofold increase in transient CAT levels over that 
of the wild-type construct in L691 cells (Fig. 6). Another con* 
struct. pSL3(lmNFl)cat, which carries the mutation only in 
the single central NFI site, gives almost as large an increase. 
THUS, the NFI site has a down-regulatory effect on the tran- 
scriptional level in the T-rymphoid cell line, and mutating just 
Otic Of the three sites is sufficient lo generate most of the 
observed effect. However, in NTH 3T3 cells, the transcriptional 
level of pSL3(3mNFl)cat is five times lower than the wild-type 
level, whereas the level of pSL3(ltnNFl)cat is unaltered rela- 
tive to the wiLLtype leveL Thus, the NFI binding site ha* two 
opposite functions in these two cell types: it is a positive reg- 
ulator in fibroblasts and a negative regulator in T cells. Also, 
the fact That mutating only the single central site of the three 
NFI sites gives an effect in T cells but is not sufficient for 
creating an effect in fibroblasts points to different usage of the 
sites in the two different cell types. 

The NFI sites do not contribute to the pathogenicity of 
SL3-3- The fact that the NFI sites appeared to have a dowo- 
rcgulatorj effect on the enhancer strength of SL3-3 in T colb 
was somewhat surprising, since mutation of the corresponding 

site in Moloney MLV has previously Been round to reauee 
transient expression in T-lymphoid cells and to have a marked 
influence on the latency of disease induction, increasing it from 
12 to 18 weeks on average (59). Wc therefore analyzed viruses 
carrying the CGG-to- ATT mutation in all three NFI sites, i.e^ 
having ttie same LTR regions as construct pSL3(3mNFl)caL 
Tbs viruses were generated by transfecring molecular donas of 
the viruses Into NIH 3T3 cells. In line with the results from the 



CAT assays, the cells cransfected with the NFI -mutated vims 
clones gave substantially lower titers than cbIJs transfected with 
the wiUMypc clones. Similar observations have been made with 
NFI -mutated Moloney MLV (60). Equal amounts of SL3-3 
with mutant or wild-type NFI sites were injected into 24 and 49 
newborn NMRI mice, respectively. All mice developed lym- 
phomas within 150 days CFifi. 7). The SL3-3 viruses with NFI 
mutations did not show altered disease-inducing abilities. His- 
tological examination of the mice showed that the mutated 
viruses primarily induced thymic lymphomas, as did the wild- 
type viruses (22). The NFI -mutated SL3-3 did not exhibit 
prolonged latency or reduced Incidence of disease induction 
compared to the wild-type virus. Sequencing of the NFI -mu- 
tated pravi ruses from the tumors did not show any unusual 
structures- These data clearly show that the NFl binding sites 
are not important for the pathogenic potential of SL3-3, which 
means that SL3-3 and Moloney MLV behave differently with 
respect to the NFl binding site. 

DISCUSSION 

MLV isolates may have quite distinct fflsease-inaucinjz abil- 
ities, although they are In genomic organization. The 
oncogenic viruses are generally derived from tumors presum- 
ably induced by the virnsca and are thua likely to be highly 
selected for disease induction. However, if the pathogenic de- 
terminants in me viral genome are weakened, the viruses 
would in all likelihood undergo selection for variants with 
reconstituted or otherwise different disease-inducing abilities. 
Mutations and rearrangements are known to happen at a high 
rate in the MLV genome (11). If only a few alterations are 
needed to produce highly pathogenic virus variants > these may 
occasionally evohre during the pathogenic process. The most 
potent of such variants would then be expected to be found in 
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the arising tumors. The study of the evolution of mutant vi- 
ruses could provide insight in the mechanisms involved in 
induction of the various maliroaridcs provoked by die MLVs 
as well as In the stepwise evolution of the new MLV variants. 

In this study we have investigated lymphomas from mice 
infected with SL3-3 viruses whose pathogenic potential hod 
been weakened by introduced mutations in the AMLl binding 
sites. We did not find cases in which functional AMLl sites had 
been recreated. However, in a related study m which only 1 bp 
in the SL3-3 AMLl sue I was mutated* frequent reversions of 
the introduced mutation were found (40). This difference most 
likely reflects the lower probability of record hating 3-bp 
changes of e binding aire, a point which may be of interest 
when designing mutations for future experiments. 

In 3 of 84 tumors investigated, we found second-site dele- 
tions in tho viral enhancers of provlnises from rumors induced 
by SL3-3 with mutated AMLl sites. Although we have no 
direct proof that these deletions affect viral pathogenicity, sev- 
eral observations indicate that the alteration* h<we played an 

important role in the process leading to the tumor forma doc in 
these three animals and that they are likely to result from a 
selection for more-pathogenic viral strujemres than the original 
viral forms. (1) Although distinct, the alterations of the three 
provirus types followed a common pattern, i.e., small deletions 
in the same area in the enhancer. (U) One of the tumors with 
altered provirsd structures came from the only mouse that 
developed a lymphoma upon inoculation with the very weakly 
pathogenic Yiraa variant carrying mutations in both AMLl site 
I and site II. (m) The altered proviral structure of the ATC 
series was round to be integrated in the c-myc gene m a manner 
often found for MLVs activating this gene in thymic ryrapho- 
mas- (jv) From the Southern blots, the tumors appeared to be 
clonal or ohgocional with respect to viral integrations, (v) The 
altered strccrures acted as stronger enhancers than their pa- 
nm eaJ atrosTurco when measured in trans iertt-cranscTiprion as- 
says in T- lymphoma cells, (vi) Mutations of the NF1 xite* did 
not impair the pathogenicity of SL3-3. 



The deletions did not seem to create new transcription fac- 
tor binding sites. They therefore probably acted by removing 
binding sites for one or more negatively acting factors. Since 
the enhancer strength increased twofold when ihe NFl sites 
were mutated, we believe that the main fnnction of the dele- 
tions is to abolish the function of the NFl site. This notion is 
corroborated by the finding that NFl-mutated SL3-3 does not 
show reduced pathogenicity, Jn contrast to what is Known tor 
Moloney MLV. This shows thai the NFl sites are not necessary 
tor viral replication and turnorigenicity in mice "but does not 
rule out a possible negative contribution from the NFl sites 
during the nimorioenjc process, since such an *ff *ct could well 
be masked by the potency of the wild-rype virus. Also, even 
though the NFl sites presumably reduce the rcplicarivc poten- 
tial or 5L3-3 in the target eelis. the sites may play an iraportant 
stimulatory role in cell types other than the T cells, perhaps a 
cell type that the vim* acts in at an early stage of the patho- 
genic process (15, 67). Our finding that mutation of the NFl 
sites setverely reduces the expression of the reporter constructs 

in NIH 3T3 celis together with a previously noted reduction Jn 
other coll linos (AS) show that the NFl sites do have a positive- 
acting effect in some cell types. 

Several factors with the potcnrial to down-rcgulatc tran- 
scription could be imagined to bind the NFl site. One possi- 
hiUry is that a form of NFl binds to the site-. Although. NFl has 
generally been considered an ubiquitously expressed activating 
factor, a more-cornplciy, picture ha* recently begun to emerge. 
The four NFl genes in mammals and cUic&en are all alterna- 
tively spliced in a manner conserved across species boundaries 
(28]. All NFl polypeptides contain a nighty conserved N-ter- 
minol region containing the DNA-binding and dimcrization 
domain. However, they differ in the C- terminal region contain- 
ing die proline-rich activation domain (28, 5o> Moreover, the 
NFl polypeptides form heterodimers, axe found in various 
amounts in various cell types, and nave been reported to be 
implicated in specific gene regulation in several different types 
of tissues (3, 10, 20, 2S t 38). A potential therefore exists for 
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the two types of alterations do not occur with the same fre- 
quency. The deletions seem to represent rare events, which are 
presumabry being given time to occur and be S^KS 
of the prolonged latencies caused by the core mutations The 

quentiy and in a l| likelihood arose after the creation of the 
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